Introduction
Cell polarization, which refers to several subcellular compartmentalization events that result in intracellular polarity, anterior-posterior axis formation or left-right asymmetry, is a crucial process in the development of multicellular organisms. Cell polarity is governed by the coordinated action of three main protein complexes, so called 'polarity complexes', and their interactions with cell-cell adhesion receptors and Rho family GTPases. By serving as scaffolding platforms and signaling modules, these complexes regulate protein-protein interactions, protein phosphorylation and downstream signaling events of GTPases to impact on cytoskeletal remodeling, vesicle trafficking and cell morphogenesis. The Rho GTPases are molecular on-off switches that regulate the cytoskeleton and play important roles in the establishment and maintenance of cell adhesion, as well as cell polarity and directed cell migration.
Apical-basal polarization in epithelial cells
In epithelial cells, apical-basal polarization is achieved by the targeting of 'polarity protein complexes' to specific localities of the plasma membrane, thus establishing functional and structural specializations for each plasma membrane subdomain. Genetic studies performed primarily in Drosophila melanogaster and Caenorhabditis elegans have identified three key protein complexes that are involved in the establishment of cellular polarity, including the Crumbs (comprising Crb, Pals1 and PATJ), partitioning defective [Par, comprising Par3, Par6 and atypical protein kinase C (aPKC)] and Scribble (comprising Scrib, Dlg and Lgl) complexes EtemadMoghadam et al., 1995; Jurgens et al., 1984; Kemphues et al., 1988; Tepass et al., 1990) . Of note, some of these polarity complex members consist of several isoforms; specific isoforms will be indicated below when necessary or the generic name will be mentioned. Through either cooperative or antagonistic actions, these evolutionarily conserved polarity complexes modulate local signaling and function in concert to institute cellular asymmetry (Betschinger et al., 2003; Bilder et al., 2003; Fletcher et al., 2012; Hurd et al., 2003; Hutterer et al., 2004; McCaffrey and Macara, 2009; Plant et al., 2003; Tanentzapf and Tepass, 2003; Wirtz-Peitz and Knoblich, 2006; Yamanaka et al., 2003) . Although similar, it is important to point out that differences exist in junction organization and polarity complex function between flies, worms and mammals, which have been reviewed elsewhere (Knust and Bossinger, 2002; St Johnston and Ahringer, 2010) . Fig. 1 depicts the three main polarity complexes, and highlights their cooperative and antagonistic crosstalk that regulates epithelial apical-basal polarity. Importantly, the composition of polarity complexes can be different at different cellular locations, which contributes to the establishment of cell polarity. For example, although Bazooka (the Drosophila ortholog of Par3) and aPKC can directly interact with Par6 (Petronczki and Knoblich, 2001; Wodarz et al., 2000) , Bazooka localizes basally to the Par6-aPKC complex, which is controlled by aPKC-mediated Bazooka phosphorylation ( Fig. 1) (Doerflinger et al., 2010; Morais-de-Sá et al., 2010) .
A key mechanism involved in cellular asymmetry is differential protein trafficking and retention to the apical and basolateral membrane subdomains. The formation of cell-cell contacts facilitates epithelial cell polarity, in part by coordinating protein sorting, targeting and distribution of basolateral and apical proteins to their proper membrane destinations (Apodaca et al., 2012 ). These different protein distributions then contribute to distinct signaling events at discrete locations, modulating cytoskeletal dynamics and remodeling to promote and maintain epithelial polarity.
The establishment of intercellular adhesion is typically a prerequisite for mammalian epithelial polarization. E-cadherin clustering , association of nectin with afadin (Ooshio et al., 2007) and localization of the tight junction protein junction adhesion molecule A (JAM-A, encoded by F11R) at the nascent cell-cell adhesion site are necessary for the recruitment of molecules such as the polarity protein Par3 (Ebnet et al., 2001; Itoh et al., 2001 ) and the activation of Rho GTPases, namely Rac1 and Cdc42, to initiate signaling cascades (Kawakatsu et al., 2002; Kim et al., 2000; Nakagawa et al., 2001) . Nascent adhesion sites contain several structural and signaling proteins that, upon further junction maturation, separate from one another to form a belt-like adherens junction and a mature tight junction. The crosstalk between polarity complexes, Rho GTPases and adhesion complexes, spatiotemporally control junction maturation and epithelial polarization (Iden and Collard, 2008) .
Rho GTPases in epithelial polarization
The Rho GTPases cycle between an active GTP-bound state and an inactive GDP-bound state (Etienne-Manneville and Hall, 2002) (Fig. 2A) . The activated GTPases interact with downstream effectors, such as kinases, as well as actin and microtubule cytoskeletal regulators, to control a variety of cellular processes. Guanine-nucleotide-exchange factors (GEFs), which catalyze the exchange of GDP for GTP, activate Rho GTPase signaling (García-Mata and Burridge, 2007; Schmidt and Hall, 2002) . By contrast, Rho proteins are inactivated by GTPaseactivating proteins (GAPs), which catalyze the hydrolysis of GTP to GDP (Lamarche and Hall, 1994; Moon and Zheng, 2003) . The inactive Rho GTPases can subsequently be sequestered in the cytoplasm in their GDP-bound state through interactions with the guanine-nucleotide-dissociation inhibitors (GDIs) (Garcia-Mata et al., 2011; Nobes and Hall, 1994; Olofsson, 1999) . To regulate complicated cellular events, such as cell polarity, the localization and signaling of these GTPases has to be tightly controlled. Indeed, at least 80 GEFs (Meller et al., 2005; Rossman et al., 2005; Schmidt and Hall, 2002) and 50 GAPs (Peck et al., 2002) have been identified in the human genome, suggesting the presence of a complex GTPase-GEF-GAP network in the cell. The subcellular localization and function of these crucial Rho GTPase regulators on epithelial homeostasis and apical-basal polarity are just starting to become appreciated (Fig. 2B) . Importantly, in cancer, a disease that is highly related to loss of cell polarity, altered Rho GTPase signaling is very common, primarily owing to mutations or aberrant expression of Rho GTPase regulators (Cook et al., 2013) , although mutations and especially altered expression of Rho GTPases themselves have also been observed (Grise et al., 2009; Kawazu et al., 2013) .
Early studies implicated RhoA and Rac1 in the structural regulation of tight junctions and cell polarization . Cdc42 was also postulated to support polarization through the promotion of adherens junction formation and stability (Fukuhara et al., 2003; Kodama et al., 1999) . Recent investigations further confirm the importance of Rho GTPases in epithelial polarization. GTP-Rac1 is necessary for the activation of Par-complex-associated signaling to initiate tight junction morphogenesis and epithelial polarization (Johansson et al., 2000; Mack et al., 2012; Mertens et al., 2005; Noda et al., 2001) . Active Cdc42, which also binds members of the Par complex, is involved in junction formation, apical-basal polarization and acini lumen formation in three-dimensional cultures (Bray et al., 2011; Fukuhara et al., 2003; Johansson et al., 2000; Lin et al., 2000; Qiu et al., 2000; Yamanaka et al., 2001 ). The specific mechanisms that are regulated by RhoA are somewhat unclear, but its function in mediating actomyosin contractility and in generating the cortical actomyosin ring during (Mathew et al., 2002) , and with Lgl is phosphorylation-dependent (red star) (Zhu et al., 2014) . Apical and basolateral domains are demarcated by the zonula adherens (ZA), a specialized cell-cell adhesion zone. Members of these three complexes interconnect with each other, allowing mutual exclusion and positive feedback (red, blue and black lines) between different complexes at distinct locations. For example, Crb interacts with the Par6-aPKC complex (Hurd et al., 2003; Kempkens et al., 2006) , which is required for the regulation of Par3 localization (Morais-de-Sá et al., 2010; Walther and Pichaud, 2010) , modulating junction formation (Lemmers et al., 2004) , as well as epithelial morphogenesis and polarity (1) (Nam and Choi, 2003; Walther and Pichaud, 2010) . Par6, in turn, interferes with the binding of PATJ to Pals1 (2) (Wang et al., 2004) . Although the enzymatic activity of aPKC is inhibited by Par3 in the Par complex (Lin et al., 2000) , aPKC can phosphorylate Par3, Crumbs and Lgl (blue arrow), thus bridging and regulating all three polarity complexes (Morais-de-Sá et al., 2010; Plant et al., 2003; Sotillos et al., 2004) . Par3 phosphorylation results in its more basal localization relative to the Par6-aPKC complex (Morais-de-Sá et al., 2010) . Phosphorylation of Crumbs is crucial for its apical localization and might be inhibited by the presence of PATJ (3) (Sotillos et al., 2004) . Lgl competes with Par3 for binding to the Par6-aPKC complex (4); however, once phosphorylated by aPKC, Lgl is released and localizes to the basolateral area (Yamanaka et al., 2003) . Despite the importance of the Scribble complex in the basolateral exclusion of Crumbs , the physical interactions between members of these two complexes that could underlie this effect are currently unclear.
polarization indicates that it is indispensable for epithelial polarization (Ivanov et al., 2005; Vaezi et al., 2002) . Owing to the complexity of polarity-complex-mediated signaling and the broad spectrum of proteins involved, this Commentary will focus on summarizing how polarity complexes regulate the apical-basal polarization of mammalian epithelial cells by influencing Rho GTPase signaling. Specific physical and functional interactions of the three main polarity complexes with regulators of Rho GTPases will be reviewed, and their link to RhoA, Rac1 or Cdc42 signaling will be highlighted. The picture emerging from these studies suggests that polarity complexes differentially affect Rho GTPase activation in a spatiotemporal manner, leading to the establishment and maintenance of cellular asymmetry.
Polarity complexes and their associated GEFs and GAPs
The Par complex -Tiam1, Ect2 and p190RhoGAP
The Par complex, which consists of core members Par3, Par6 and aPKC (the two mammalian isozymes PKCf and PKCi), is perhaps the best-studied polarity complex. These members form a tripartite complex or duo complexes, which are regulated by protein phosphorylation and the activation of small GTPases (McCaffrey and Macara, 2009) (Fig. 1) . In mammalian cells, the Par complex is found primarily at the tight junctions and promotes a broad range of tight-junction-and polarity-related cellular events. Importantly, its activation of Rho family GTPase signaling is considered a major cue for initiating epithelial polarization.
Initially discovered as crucial proteins for proper partitioning of germline-specific P-granules in embryos of C. elegans (Kemphues et al., 1988) , the Par proteins are highly conserved molecules that are required for establishing mammalian cell polarity (Kemphues, 2000; Macara, 2004) . Par3 self-associates (Mizuno et al., 2003) , binds the tight junction adhesion molecules JAM-A, JAM-B and JAM-C (Ebnet et al., 2003; Ebnet et al., 2001) , and can interact directly with aPKC (Horikoshi et al., 2009; Hung and Kemphues, 1999; Izumi et al., 1998; Joberty et al., 2000; Lin et al., 2000) . Several studies have provided evidence showing that the phosphorylation of Par3 by aPKC is crucial for the establishment of tight junctions and cell polarity. Overexpression of a phospho-deficient Par3 mutant results in cell polarity defects , and the inducedexpression of an aPKC-binding-deficient Par3 mutant fails to facilitate tight junction formation . Consistent with these findings, depletion of Par3 disrupts epithelial cell morphogenesis in three-dimensional cell culture, whereas the introduction of a wild-type Par3, but not an aPKC-uncoupled Par3 mutant, rescues the observed defect (Horikoshi et al., 2009) . A recent study has revealed the function of an additional Par3-binding partner, the FERM-domain protein willin (also known as FRMD6) (Ishiuchi and Takeichi, 2011) , in defining the apical domain of epithelial cells.
Similar to Par3, Par6 and aPKC are involved in tight junction assembly and regulation of cell polarity (Gao et al., 2002; Joberty et al., 2000; Lemmers et al., 2004; Nagai-Tamai et al., 2002; Suzuki et al., 2002; Yamanaka et al., 2001 ). Localization of Par6 
. The activation of Rho family GTPases is spatio-temporally controlled by regulatory molecules. (A) Rho family GTPases, including
RhoA, Rac1 and Cdc42 cycle between the active GTP-bound and the inactive GDP-bound states. Once activated, Rho GTPases interact with downstream effectors, which lead to diverse signaling pathways and biological processes, such as cytoskeletal organization, cell junction formation, cell polarization and cell motility. The on-off cycle of Rho family GTPases is tightly controlled by three classes of regulatory proteins: GEFs catalyze the exchange of GDP for GTP; GAPs enhance GTPase activity to hydrolyze GTP back to GDP; and GDIs associate with GDP-bound Rho GTPases and prevent nucleotide dissociation. (B) In polarized mammalian epithelial cells, several GEFs and GAPs have been shown to localize either apically at mature junctions (zonula adherens, ZA) that encompass the circumferential actomyosin ring or to sub-apical areas of cell-cell contact. Localization of the Cdc42 GEF Tuba at apical junctions activates Cdc42 to promote junctional actin organization (Otani et al., 2006) and lumenogenesis (Bryant et al., 2010; Qin et al., 2010) . Interestingly, the Cdc42 GAP Rich1, which also localizes to apical junctions, is required for junction integrity (Wells et al., 2006) . A number of RhoA GEFs have been identified at apical junctions. Specifically, Ect2, Syx, p114RhoGEF (p114), TEM4 and ARHGEF11 (GEF11) promote the localization and activity of RhoA at the ZA to support junction integrity (Ngok et al., 2012; Ratheesh et al., 2012; Terry et al., 2011; Itoh et al., 2012; Ngok et al., 2013) . In contrast, GEF-H1-regulated RhoA activity is negatively controlled to prevent junction disassembly (Aijaz et al., 2005; Guillemot et al., 2008; Samarin et al., 2007) . Although the precise localization of activated RhoA and Cdc42 in polarized epithelial cells is still unclear, an apical-basal gradient of Rac1 activity has been observed with higher Rac1 activity at more basal regions due to the localized activation of the RacGEF TIAM1, which is required for proper junction formation (Mack et al., 2012) . Consistent with this, MgcRacGAP localizes and acts apically (Guillemot et al., 2014) . Collectively, the studies support a key role for the precise spatio-temporal activation of Rho family GTPases in junction formation and epithelial organization.
and activation of aPKC are controlled by Cdc42 (Henrique and Schweisguth, 2003) , whose apical enrichment and activation is controlled by the Cdc42 GEF Tuba (also known as DNMBP and ARHGEF36) (Otani et al., 2006) . Upon the enrichment of phosphatidylinositol 4,5-bisphosphate [Ptdln(4,5)P 2 ] at the apical domain, activated Cdc42 recruits Par6 and aPKC to initiate polarity establishment and lumenogenesis as shown in three-dimensional culture (Martin-Belmonte et al., 2007) . Par6 forms a complex with aPKC (Joberty et al., 2000) and can directly bind Crb3 (a main component of the Crumbs complex), an epithelial-specific event that is proposed to be important for regulating the morphogenesis of the apical membrane (Lemmers et al., 2004) . Par6 also binds Pals1 (also known as Mpp5), another member of the Crumbs complex, allowing functional crosstalk between these two polarity complexes (Hurd et al., 2003; Wang et al., 2004) . Highlighting its role in actin reorganization, the association of Cdc42 to Par6 regulates adherens junction remodeling in Drosophila through the Arp2/3 complex (Georgiou et al., 2008) . A major function of aPKC in the formation of cell polarity is mediated by its kinase activity , which is likely activated by the binding of active Cdc42 to Par6 (Joberty et al., 2000; Lin et al., 2000; Yamanaka et al., 2001 ). In addition to phosphorylating Par3 , aPKC phosphorylates Par1/MARK (Hurov et al., 2004; Suzuki et al., 2004) and the Notch antagonist Numb (Smith et al., 2007) to exclude these two proteins from areas along the cell membrane where aPKC localizes and to establish cellular asymmetry. In addition to cell polarity proteins, aPKC phosphorylates JAM-A to regulate the function of tight junctions (Iden et al., 2012) , suggesting that the kinase activity of aPKC is crucial in multiple steps involved in tight junction assembly and apical-basal polarization.
Although not a focus of this review, other members in the Par family that are conserved throughout Metazoa, including the serine/threonine kinases Par1/MARK (Elbert et al., 2006; Guo and Kemphues, 1995; Ossipova et al., 2007) and Par4/LKB1 (Baas et al., 2004; Gloerich et al., 2012; Partanen et al., 2007; Tanwar et al., 2012; ten Klooster et al., 2009 ) and the regulatory molecule Par5/14-3-3 (Ling et al., 2010; Watkins et al., 2008; Winter et al., 2012) , are also important regulators of the localization, formation, and function of the Par complex as well as the establishment of cell polarity.
T-cell lymphoma invasion and metastasis 1 (Tiam1), a Rac1-specific GEF, is an established regulator of cell adhesion and epithelial polarity that associates with the Par complex (Lambert et al., 2002; Mertens et al., 2006) . The recruitment of Tiam1 to the Par complex by Par3 is required for tight junction biogenesis (Chen and Macara, 2005; Mertens et al., 2005) . Interestingly, these studies have shown that either impaired Tiam1-Rac1 signaling (Mertens et al., 2005) or constitutive Rac1 activation due to Par3 knockdown results in deficient tight junction assembly (Chen and Macara, 2005) . The conflicting results might be reconciled by the observation that a Tiam1-mediated active Rac1 gradient along areas of cell-cell contact is essential for maintaining proper organization of epithelial monolayers, and is controlled by Par3 and a complex containing b2-syntrophin (Mack et al., 2012) (Fig. 2B) . The data suggest that binding of activated Cdc42 to the Par complex and subsequent fine-tuning of Rac1 activation by Par3-bound Tiam1 are crucial events for the initiation and maintenance of epithelial polarity (Chen and Macara, 2005; Joberty et al., 2000; Mertens et al., 2005; Nishimura et al., 2005) . In addition to Tiam1, the Rho GEF protein epithelial cell transforming sequence 2 (Ect2), which can activate RhoA, Rac1 and Cdc42 activity in vitro, also interacts with the Par complex through Par6 and has been proposed to influence epithelial polarity by increasing Rac1 and Cdc42 activity . Combined, these studies indicate that the Par complex affects localized activation of Rho family GTPases, especially that of Rac1 (Fig. 3) , to promote the formation of tight junctions and to establish the boundaries of the apical and basolateral membrane domains in polarized epithelial cells.
Currently, no mammalian Rho GAP has been shown to physically associate with the Par complex. Nevertheless, the C. elegans Rho GAP PAC-1, which resides at cell contacts, has been shown to restrict Par6 localization to contact-free areas to regulate radial polarization during gastrulation (Anderson et al., 2008) . Moreover, RhoA activity is antagonized by p190RhoGAP (also known as ARHGAP35), which is recruited by activated Rac1 to cell-cell junctions (Nimnual et al., 2003; Wildenberg et al., 2006) . p190RhoGAP has been proposed to inactivate RhoA downstream of Par6-aPKC in dendritic spines (Zhang and The Scribble polarity complex is coupled to Cdc42 activation through the Rac and Cdc42 GEF b-PIX (Osmani et al., 2006) . Upon Cdc42 activation, the Par complex mediates the activation of Rac1 through the Rac GEF Tiam1 (Mack et al., 2012; Mertens et al., 2005) . Rac1 activation can also be induced by the Par complex by the Rho GEF Ect2 . In response to TGF-b stimulation, the Par complex interacts with the E3 ubiquitin ligase Smurf1, resulting in RhoA degradation (Ozdamar et al., 2005) . By contrast, the Crumbs complex recruits Rho GEFs to the apical domain to signal RhoA activation. For instance, p114RhoGEF (p114) is recruited by PATJ to cell-cell junctions (Nakajima and Tanoue, 2011; Terry et al., 2011) , whereas the Rho GEF Syx is recruited to cell junctions by Mupp1 (Ngok et al., 2012) , a paralog of PATJ, resulting in the local activation of RhoA and downstream signaling. The Crumbs complex also interacts with the Rac and Cdc42 GAP Rich1 through the Pals1-Amot complex and downregulates the activities of Rac1 and Cdc42 (Wells et al., 2006; Yi et al., 2011) . Although they might not directly associate with polarity complexes, p190RhoGAP and FilGAP can mediate mutual antagonism of RhoA and Rac1 signaling downstream of polarity complexes. Macara, 2008) . Given the presence of a GTP-Rac1 gradient, where incremental Rac1 activity is found towards sub-apical junctions along the axis of cell-cell contact (Mack et al., 2012) , it is probable that Rac1 and p190RhoGAP restrict RhoA activity towards the apical junctions to help define the apical domain in polarized epithelial cells (Fig. 3) . Furthermore, Par6 can target the degradation of RhoA by the E3 ubiquitin ligase Smurf1 downstream of transforming growth factor b (TGF-b) signaling at the tight junction (Ozdamar et al., 2005) , providing an additional mechanism to limit the local availability of RhoA (Fig. 3) .
The Crumbs complex -Syx, p114RhoGEF, Rich1 and FilGAP Similar to the Par complex, the Crumbs polarity complex (CrbPals1-PATJ) participates in the development of functional tight junctions and apical-basal polarity in epithelial monolayers. Early studies in Drosophila described Crumbs as an epidermal growth factor (EGF)-like protein and indicated its importance in the development and organization of epithelia (Tepass et al., 1990; Wodarz et al., 1993; Wodarz et al., 1995) . Crumbs is important for the proper distribution of Drosophila E-cadherin and Armadillo (the ortholog of b-catenin) in Drosophila epithelia (Grawe et al., 1996; Klebes and Knust, 2000) . In mammals, three members of the Crumbs family have been identified (den Hollander et al., 2002; den Hollander et al., 1999; Makarova et al., 2003; van den Hurk et al., 2005) ; among them, Crb3, is the most widely expressed member in mammalian epithelial cells, and is localized at the apical region of polarized epithelial cells (Lemmers et al., 2004; Makarova et al., 2003) . Snail-mediated disruption of Crb3 expression alters cell polarity, and overexpression of Crb3 induces formation of tight junctions in cells that do not normally do so (Fogg et al., 2005; Whiteman et al., 2008) . Importantly, Crb3-knockout mice die soon after birth and exhibit severe defects in epithelial morphogenesis, lung development and perturbed organization of multiple organs (Whiteman et al., 2014) . Protein associated with Lin Seven 1 (Pals1), a linker protein that interacts directly with Crb3, is also necessary for proper epithelial polarization and acini formation of cells grown in threedimensional culture (Makarova et al., 2003; Roh et al., 2003; Roh et al., 2002b; Straight et al., 2004) . Consistent with the Drosophila studies showing that Stardust (the ortholog of Pals1), together with Bazooka (the ortholog of Par3) and Armadillo (the ortholog of b-catenin), is necessary for adherens junction assembly and cell polarity (Krahn et al., 2010; Müller and Wieschaus, 1996) , mammalian Pals1 is involved in adherens junction maintenance by mediating E-cadherin delivery to the cell surface . Pals1-associated tight junction protein (PATJ), the third member of the Crumbs polarity complex, is a scaffolding protein that is targeted to the tight junctions by zona occludens-3 (ZO-3, also known as TJP3) and recruits Pals1 to the junctions (Lemmers et al., 2002; Roh et al., 2002a) . Harboring multiple postsynaptic density/discs large/ zonula occludens (PDZ) domains, PATJ associates with nectins, JAM-A and claudin-1 as well as ZO-3 (Adachi et al., 2009; Lemmers et al., 2002; Roh et al., 2002a; Roh et al., 2002b) . In Drosophila, Patj is required for embryo viability, and plays a supportive role in cell polarity by regulating the localization of polarity proteins and the positioning and stability of adherens junctions (Nam and Choi, 2006; Pénalva and Mirouse, 2012; Sen et al., 2012) . Moreover, disrupted adhesion, defective cyst formation, and mis-localized polarity proteins and receptors are observed in PATJ-depleted mammalian epithelial cells (Latorre et al., 2005; Michel et al., 2005; Shin et al., 2005) . Multiple PDZ domain protein 1 (Mupp1, also known as Mpdz), a paralog of PATJ, also binds Pals1 and several other tight junction proteins including claudins and JAMs (Hamazaki et al., 2002; Poliak et al., 2002) . Although its function is not well understood, Mupp1 is expressed in brain cells, endothelial cells and numerous other cell types that lack PATJ expression and is frequently mutated in human disease (Al-Dosari et al., 2013; Shirley et al., 2004) .
Synectin-binding RhoA exchange factor (Syx, also known as PLEKHG5), a Rho-specific GEF that is implicated to play a role in angiogenesis (Garnaas et al., 2008; Liu and Horowitz, 2006) , interacts with PATJ and Mupp1 (Ernkvist et al., 2009; Estévez et al., 2008; Ngok et al., 2012) and colocalizes with members of the Crumbs complex in primary endothelial cells. Syx-mediated RhoA activation promotes endothelial junction integrity and barrier function in vitro and in vivo, at least in part by regulating the levels of VE-cadherin at the plasma membrane (Ngok et al., 2012) . The role of Syx in epithelial cell polarity is unclear; however, it plays an important role in the directed cell migration and front-rear polarization of migrating brain and breast tumor cells (Dachsel et al., 2013) , as well as in oligodendrocyte progenitor cells (OPCs) along white matter tracks (Binamé et al., 2013) . Importantly, in the latter case, Crumbs and Par polarity complexes are recruited by OPCs that express the proteoglycan NG2 (also known as CSPG4), resulting in RhoA-to-Rac1 signaling through Tiam1 (Binamé et al., 2013) . This study highlights the significance of functional interactions and crosstalk between different polarity complexes.
Two recent studies have shown that p114RhoGEF (also known as ARHGEF18) associates with two distinct protein complexesone containing PATJ and Lulu2 (also known as EPB41L4B), the other composed of myosin II, cingulin and Rho kinase 2 (ROCK2) (Nakajima and Tanoue, 2011; Terry et al., 2011) . It is unclear whether the interaction of p114RhoGEF with each complex is mutually exclusive, and whether the two complexes have cross-regulatory functions. However, the Lulu2-PATJ complex is involved in p114RhoGEF activation that is regulated by aPKC phosphorylation to control the circumferential actomyosin belt of polarized epithelial cells (Nakajima and Tanoue, 2011) , whereas the other complex has been suggested to drive spatially restricted RhoA signaling to regulate epithelial junction formation and acini morphogenesis in three-dimensional culture (Terry et al., 2011) . The identification of Syx and p114RhoGEF, both of which bind PATJ and promote cell-cell cohesion through RhoA, underscores the importance of RhoA activity in epithelial organization and suggests that the Crumbs complex defines the apical domain through RhoA signaling (Fig. 3) .
In addition to exerting its function by activating RhoA, the Crumbs complex might facilitate and maintain apical-basal domain specification by excluding Rac1 and Cdc42 activities from the apical region through GAPs. Indeed, the Rac1 and Cdc42 GAP Rich1 (also known as ARHGAP17) is recruited to the Crumbs complex by angiomotin (Amot) to maintain tight junction stability by fine-tuning local Cdc42 activity (Wells et al., 2006) . Alternatively, Rich1 is released from Amot by competitive binding of the Merlin/NF2 tumor suppressor, leading to a reduction of local Rac1 activity (Yi et al., 2011) . Other means to suppress apical Rac1 activity are through the junctional male germ cell (Mgc) Rac GAP (also known as RacGAP1), which is part of the Ect2 complex, or through the Rac-specific filament Abinding GAP (FilGAP, also known as ARHGAP24), which is activated downstream of RhoA signaling and ROCK-mediated phosphorylation (Guillemot et al., 2014; Ohta et al., 2006; Ratheesh et al., 2012) . Moreover, apical Rac GAP chimaerins CHN1 and CHN2 have been reported to inhibit Rac1 activity to control epithelial cyst morphogenesis (Yagi et al., 2012) . Finally, additional Rho GEFs, i.e. TEM4 (also known as ARHGEF17) , ARHGEF11 (Itoh et al., 2012) and GEF-H1 (also known as ARHGEF2) (Aijaz et al., 2005; Benais-Pont et al., 2003) localize apically and regulate junction integrity (TEM4 and ARHGEF11) and paracellular permeability (GEF-H1). These findings converge on RhoA signaling and exclusion of Rac1 and Cdc42 activity at the apical domain, suggesting that gradients of GTPase activities might exist in polarized cells to establish and maintain the epithelial architecture.
The Scribble complex --b-Pix and GIT1
The Scribble complex, which is composed of Scribble, Discs large (Dlg), and Lethal giant larvae (Lgl), is commonly found at the lateral domain of the plasma membrane and is the least well understood polarity complex in the context of mammalian cellcell contacts. Studies of these proteins in Drosophila reveal mutant phenotypes, such as loss of epithelial cell polarity and disruption of tissue integrity, suggesting that functionally they belong to the same genetic pathway (Betschinger et al., 2003; Gateff, 1978; Mechler et al., 1985; Peng et al., 2000; Tanentzapf and Tepass, 2003; Woods et al., 1996) . It is important to reiterate that although the three components are proposed to form a complex, evidence of their physical interaction is still limited, although emerging data support this possibility.
In mammalian epithelial cells, Scribble plays a role in hepatocyte growth factor (HGF)-induced epithelial tubulogenesis in three-dimensional culture (Eastburn et al., 2012) , and its targeting to the cell membrane might depend on the interaction with ZO-1 and ZO-2 (also known as TJP1 and TJP2, respectively) (Ivanov et al., 2010; Métais et al., 2005) as well as b-catenin (Yates et al., 2013) and the presence of E-cadherin . Scribble also stabilizes E-cadherin, a-and b-catenin at the cell border, and the depletion of Scribble increases E-cadherin endocytosis by decreasing E-cadherin-p120-catenin interactions, resulting in perturbed cell-cell adhesion (Lohia et al., 2012; Qin et al., 2005) . Interestingly, Scribble has been shown to localize at both the apical mature junctions and at basolateral areas of cellcell contact (Dow et al., 2003; Ivanov et al., 2010) , suggesting that distinct Scribble complexes might exist and function in different membrane compartments to regulate epithelial monolayer organization. Moreover, Scribble knockdown in low cell density culture results in altered epithelial morphogenesis, whereas at higher cell density it influences adherens junction structure and delays tight junction formation without affecting the establishment and maintenance of apical-basal polarity (Qin et al., 2005) . In vivo studies suggest that the function of Scribble in mammals might be different from that in Drosophila where it is crucial for epithelial cell polarity, and might be more relevant to planar cell polarity (PCP) and wound closure, processes related to organ patterning and front-rear polarity, respectively (Dow et al., 2007; Montcouquiol et al., 2003; Murdoch et al., 2003) . Indeed, Scribble is required for proper lung morphogenesis through the regulation of the PCP protein Vangl2 (Yates et al., 2013) .
Dlg has been shown to colocalize with Scribble (Dow et al., 2003) . Although their direct physical interaction has not been confirmed (Fig. 1) , it has been reported that Dlg and Scribble are linked by GUK-holder at Drosophila synapses (Mathew et al., 2002) . In mammals, Dlg has further been found to colocalize with E-cadherin along the lateral membrane of polarized intestinal epithelial cells, and its expression is important for adherens junction and tight junction integrity (Laprise et al., 2004; Stucke et al., 2007) . In mouse embryos, Dlg3 is needed for apical-basal polarity and PCP processes (Van Campenhout et al., 2011) . Moreover, the localization and function of Dlg can be modulated by its phosphorylation as demonstrated in Drosophila neuromuscular junctions and other systems (Johnston et al., 2009; Koh et al., 1999; Mantovani and Banks, 2003; Narayan et al., 2009; Sabio et al., 2005; Wang et al., 2011; Zhang et al., 2007) .
Lgl is thought to bind Scribble (Kallay et al., 2006) , and its membrane localization is dependent on its phosphorylation status (Hutterer et al., 2004; Müsch et al., 2002; Wirtz-Peitz and Knoblich, 2006) . Moreover, phosphorylation of Lgl2 allows its direct physical interaction with Dlg4 (Zhu et al., 2014 ) (see Fig. 1 ). Demonstrated in the Drosophila system, the most prominent role of Lgl in the establishment of apical-basal polarity comes from its interaction with Par6-aPKC in a Par3-exclusive manner (Betschinger et al., 2003; Yamanaka et al., 2003) . Through the association with Par6, aPKC phosphorylates and displaces Lgl from Par6 (Hutterer et al., 2004; Yamanaka et al., 2003) . Phosphorylated Lgl is then free to associate with the Scribble complex at the basolateral membrane, and Par6-aPKC can interact with Par3 to form the Par complex. Consistent with a key role for Lgl in the establishment of apical-basal polarity, downregulation of Lgl compromises tight junction disassembly and leads to the retention of apical protein accumulation upon cell depolarization, whereas Lgl overexpression results in loss of tight junctions in vertebrate epithelial cells (Chalmers et al., 2005; Yamanaka et al., 2006) . Phosphorylation of Lgl by the Par6-aPKC complex is also important in front-rear polarization (Plant et al., 2003) . Together with the observation that depletion of Lgl increases Par3 and Par6-aPKC association at the apical domain, these findings suggest an antagonistic relationship between Lgl and aPKC (Grifoni et al., 2007; Yamanaka et al., 2003) . Furthermore, Par6-aPKC-associated Lgl is proposed to be inactive (Betschinger et al., 2005) , whereas basolaterally localized Lgl is required for maintaining proper PATJ and Par6 localization at the apical region (Hutterer et al., 2004) . Combined, the data suggest that mutual inhibition of the Crumbs-Scribble and Par-Scribble complexes is critical for defining apical and basolateral zones in epithelial cells.
In mammalian cells, Scribble associates with the Rac and Cdc42 GEF b-Pix (also known as ARHGEF7) and the Arf GAP G-protein-coupled receptor kinase-interacting protein 1 (GIT1) (Audebert et al., 2004) , and depletion of either Scribble or b-Pix inhibits three-dimensional epithelial remodeling (Eastburn et al., 2012) . Moreover, Scribble regulates the polarization of migrating astrocytes by targeting b-Pix and Cdc42 activation to the leading edge to mediate directed cell migration in vitro (Osmani et al., 2006) .
Given the distinct functions that polarity complexes exert to generate polarization in different cell types (Iden and Collard, 2008) , it is conceivable that Scribble might also act independently of Cdc42 in some contexts. GIT1 is a b-Pix-binding GAP that inactivates ARF6 (Vitale et al., 2000; Zhao et al., 2000) , an ADPribosylation factor GTPase that negatively regulates both adherens junction and tight junction assembly and dynamics through endocytosis of junctional components (Klein et al., 2008; Luton et al., 2004; Palacios et al., 2001; Palacios et al., 2002) . Scribble-associated GIT1 might therefore suppress the activation of ARF6 at the membrane (Macia et al., 2004; Miura et al., 2009) to reduce recycling of junctional proteins and preserve cell-cell cohesion as well as apical-basal polarity.
Conclusions and perspectives
Through their effects on the cytoskeleton, Rho GTPases are key players in cell adhesion, directed migration and cell polarity. The link between the conserved polarity complexes and RhoA, Rac1, and Cdc42 provides the means for the specification of distinct sub-domains at the plasma membrane and the establishment of cellular asymmetry. Through the regulation of GEFs and GAPs, the Crumbs complex is coupled with RhoA signaling at the most apical domain, whereas a gradually increasing gradient of Rac1 and possibly Cdc42 activities is directed towards the sub-apical and lateral zones along the axis of epithelial cell-cell contact. This functional differentiation of the apical and basolateral membrane domains is further potentiated by the well-established negative crosstalk between RhoA and Rac1, which results in mutual exclusion of RhoA and Rac1 activities. Indeed, by acting through distinct Rho GTPases, polarity complexes differentially affect cytoskeletal organization in apical and basolateral membrane subdomains. Basolateral activation of Rac1 and Cdc42 results in actin polymerization and membrane protrusive activity that is crucial for directed cell migration, for example, upon cell wounding, and for the formation of nascent cell-cell junctions. Apical activation of RhoA, by contrast, leads to formin-mediated formation of the circumferential actin ring and Rho kinase-induced contractility, key events in the organization of epithelial monolayers. It is important, however, to note that the picture is likely to be significantly more complex. This probably accounts for the large number of Rho GTPase regulators at the cell-cell junctions. Polarity proteins exist in multiple complexes that could significantly affect local Rho GTPase signaling. For example, apical Cdc42 activation is required for brush border formation (Zihni et al., 2014) , but suppression of Cdc42 activity at the apical mature junctions is important for suppression of endocytic degradation of key junctional components leading to increased junctional integrity. Importantly, polarity complexes might also affect microtubule organization, exocyst function, endocytosis, apoptosis and nuclear signaling through Rho GTPases, all of which play important roles in epithelial organization and apical-basal polarity.
Disrupting the balance of Rho GTPase signaling in quiescent polarized epithelial cells might rewire a number of signaling pathways, such as pro-migratory and proliferative signaling, in the case of epithelial-mesenchymal transition (EMT) as well as tumorigenesis, or senescence and apoptotic pathways, in a normal physiological context. Despite the recent progress on elucidating the role of Rho GTPases in cell polarization, our current understanding of the physical and functional composition of polarity complexes, their crosstalk, and the role of specific GEFs and GAPs on cell polarity is very limited. How subgroups of related GEFs and GAPs (and perhaps GDIs) cooperate or antagonize each other to regulate Rho GTPase signaling at distinct locations in epithelial cells is also unclear.
Despite the close relationship between polarity complexes and Rho family GTPases, polarity proteins can also function in a GTPase-independent manner, for example, through regulation of protein phosphorylation, their own scaffolding properties and the recruitment of key polarity effectors. All three polarity complexes can regulate the Hippo pathway to control cell growth (Chen et al., 2010; Grzeschik et al., 2010; Robinson et al., 2010; Varelas et al., 2010; Skouloudaki et al., 2009 ). Moreover, both aPKC and Drosophila Crumbs can modulate Notch signaling, with important implications in cell proliferation and the specification of tissue boundaries (Herranz et al., 2006; Richardson and Pichaud, 2010; Smith et al., 2007) . Par3 can directly or indirectly modulate the dynamics and organization of microtubules (Chen et al., 2013; Schmoranzer et al., 2009 ). Finally, polarity proteins interact with adaptor or scaffolding proteins as well as transmembrane receptors, independently of Rho GTPases, to modulate cell polarity (Hayase et al., 2013; Qin et al., 2005; Yang et al., 2012) .
There are many gaps in knowledge that need to be filled in order to gain a better understanding of the normal function of polarity complexes and their deregulation in human disease, such as cancer. Furthermore, integrating crosstalk and connecting antagonistic signaling with specific cellular responses should be one of the major long-term goals in the field.
